Abstract. MicroRNAs (miRNAs) are involved in the regulation of numerous physiological and pathological processes. However, little information is available with regard to miRNAs in the left ventricular myocardium of the renovascular angiotensin-dependent hypertensive rat. In this study, miRNA expression profiles in the left ventricular myocardium of two-kidney one-clip (2K1C) hypertensive rats were analyzed using a microarray. The roles of the differentially expressed miRNAs, their target genes and signaling pathways were analyzed using ingenuity pathway analysis (IPA) for the first time to further elucidate the molecular mechanisms of left ventricular remodeling.
Introduction
Hypertension is a crucial risk factor for cardiovascular disease. It causes cardiac remodeling, accompanied by fibrosis, inflammation, hypertrophy, pump failure and myocyte degeneration (1) . Despite recent advances in the understanding of the molecular and cellular processes of cardiac remodeling, further development of effective therapies for the prevention of heart failure is required.
MicroR NAs (m iR NAs) a re small, endogenous, non-coding RNAs that have emerged as a new set of modulators of gene expression (2) . It is estimated that >1,000 unique miRNAs are encoded within the human genome (3) . These miRNAs bind with imperfect complementarity to their target mRNAs and regulate a variety of diseases, such as cancer, Alzheimer's disease and cardiovascular diseases (4) (5) (6) . Recent studies have revealed that miRNAs modulate the pathogenesis of cardiac remodeling (7) . The expression profile of miRNAs in failing myocardium has been explored by performing microarrays on various murine models of cardiac hypertrophy, including calcineurin overexpression (6), Akt overexpression (8) , coronary artery ligation, ischemia-reperfusion (9) and thoracic aortic constriction (10) . Based on these murine models, a variety of miRNAs involved in cardiac myocyte hypertrophy have been identified (11) (12) (13) (14) . However, little information is available with regard to miRNAs in the renovascular hypertensive murine model. The roles and expression profiles of miRNAs in the left ventricular myocardium of renovascular hypertensive rats are poorly understood.
T h is st udy a i ms to i nvest igat e t he m i R NA expression profile associated with left ventricular remodeling in two-kidney one-clip (2K1C) hypertensive rats. Target genes and biological networks of the differentially expressed miRNAs were also identified. Furthermore, the possible mechanisms of miRNA-mediated signaling were analyzed using ingenuity pathway analysis (IPA) for the first time.
Materials and methods

Animals.
Male Wistar rats (weight, 120-150 g), purchased from Vital River Lab Animal Technology Co., Ltd. (Beijing, China), were housed individually in temperature-(20±2˚C) and humidity (55±5%)-controlled rooms, with a 12-hour light/dark cycle. The rats were given free access to food and tap water. Animal studies were performed under conditions approved by the Local Animal Care and Use Committee.
Induction of 2K1C hypertension. Following one week of acclimatization, the rats were randomly divided into two groups. As described in detail previously (15) Sham surgery rats (n=12) underwent an identical surgical procedure with the exception of the placing of the arterial clip. The systolic blood pressure (SBP) of the rats in each group was measured weekly using a non-invasive computerized tail-cuff system (HX-II, Hunan Medical Univ. Medical Instruments Inc., Changsha, China). Eight weeks after the initial surgery, the rats were anesthetized with sodium pentobarbital following overnight fasting. Organs of interest (the heart and kidneys) were immediately removed, blotted dry, weighed and stored at -80˚C until RNA extraction. Organ indices were calculated using the following formula: organ index = organ weight (g)/body weight (g) x 100.
Histologic analysis. Heart samples from each rat were fixed in 10% buffered formalin and embedded in paraffin. Heart sections of 5-6 µm were cut and stained with hematoxylin-eosin (HE) and van Gieson's (VG). Histopathological changes were examined under the microscope.
RNA isolation and miRNA microarray. Total RNA was extracted from 30 mg of tissues. Samples were mechanically disrupted and simultaneously homogenized in the presence of QIAzol Lysis reagent (Qiagen, Valencia, CA, USA) using a Mikro-Dismembrator (Braun Biotech International, Melsungen, Germany). RNA was extracted using the miRNeasy Mini kit (Qiagen) according to the manufacturer's instructions. RNA concentrations were measured using the NanoDrop 2000c Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), while RNA quality was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) using the RNA 6000 Nano kit (Agilent Technologies). Total RNA (100 ng) was dephosphorylated at 37˚C for 30 min with calf intestinal phosphatase and denatured using 100% DMSO at 100˚C for 5 min. Samples were labeled with Cyanine 3-pCp using T4 DNA ligase (Invitrogen, Grand Island, NY, USA) by incubation at 16˚C for 1 h and by hybridization on a 8x15 K format Agilent rat miRNA array G2534A (Agilent Technologies). Arrays were washed according to the manufacturer's instructions and scanned at a resolution of 5 µm using an Agilent G2565CA microarray scanner (Agilent Technologies). Data were acquired and the quantile was normalized using Agilent Feature Extraction software version 9.5.3 (Agilent Technologies). the known functions and interactions of miRNAs published in the literature. In this study, the target genes, biological networks and functional pathways of the differentially expressed miRNAs were identified.
Statistical analysis. Statistical analysis was performed using SPSS 17.0 (SPSS Inc., Somers, New York, USA). The differences between groups were compared using the Student's t-test. Correlations among the expression profiles of miRNAs were calculated using Pearson's correlation. P<0.05 was considered to indicate a statistically significant difference. All values are expressed as the mean ± SEM.
Results
Establishment of 2K1C hypertensive rats.
We developed a rat model of 2K1C hypertension as previously described (15) . Eight weeks after renal artery clipping, the 2K1C rats exhibited atrophy of the clipped (left) kidney and hypertrophy of the non-clipped (right) kidney (P<0.05; Fig. 1 ). 2K1C rats Target genes   ABL1  ADAM17  AKT3  ALOX5AP  ANK2  ANXA1  AP3M2  ATP1A2  ATP2A2  BCL2L11  BCL6*  BECN1  BMPR2  CDCP1  CDKN1A  CDKN2A  CERS6  CTGF  CTNNB1  EGLN3  F2  FBXW7  FOXP1  FOXP3  GEMIN2  GNAI2  HIF1A  IDH1  IKBKB  IL11  ITGA5*  JAK2  JUN  MAP2K4*  P38MAPK  MMP9  NCEH1  NFATC1  NPR3  NT5E  NTRK3  PDGFB  PPP3CA  PTEN  RB1  RHOA  RUNX2*  S100A9  SOCS3  STX7  TGFB2  TP53  TRIB1  VSNL1  XBP1  ZFPM2 2K1C, two-kidney one-clip. Asterisk follows the locus designation and precedes the allele designation if there is one. For example, BCL6 * is the symbol for the gene locus that encodes B-cell lymphoma 6 protein BCL6.
exhibited an increase in SBP (P<0.05), while the SBP of the sham surgery rats remained unaltered (Fig. 1) . Furthermore, 2K1C caused a significant increase in the weight of the heart, the cardiac index and the right renal index when compared with the sham surgery group (P<0.05; Table I) . Additionally, our results demonstrated that 2K1C promoted cardiomyocyte hypertrophy and increased interstitial collagen deposition and infiltration of the myocardium (Fig. 2) .
Identification of the miRNA expression profile. In order to identify differentially expressed miRNAs in 2K1C rats, we performed miRNA microarray analyses. Of the miRNAs investigated, our results identified 48 that were differentially expressed between the sham surgery group and the 2K1C group, of which 25 were upregulated and 23 were downregulated in the left ventricular myocardium of the 2K1C hypertensive rats (Table II) . A 2.0-fold change cut-off was applied to all array data sets.
The target genes and biological networks of differentially expressed miRNAs. The target genes of differentially expressed miRNAs were analyzed using the IPA tool, which combined the sources of TarBase, TargetScan, miRecords and Ingenuity Expert. A total of 10,156 target genes were identified; of these, 1,140 presented in the rats. In order to eliminate the false positive rates of the target prediction databases, only the target genes validated by biological experiments were selected for further analysis. Following the analysis of published data, 56 target genes were identified (Table III) . Highly rated networks of 56 target genes were analyzed and the results revealed five significant pathways (Table IV) . Of these networks, 'cardiovascular disease, cardiovascular system development and function, organ morphology' was the highest rated network with a significance score of 22. Target genes ANK2, ATP1A2, ATP1A2, BMPR2, CTGF, ITGA5*, PDGFB, RUNX2*, TGFB2, TRIB1 and ZFPM2 were involved in this network (Fig. 3) . Moreover, the genes associated with the top toxicology list are provided in Table V . 'Cardiac hypertrophy' and 'cardiac necrosis/cell death' were identified as the top two toxicology pathways.
Potential mechanisms of the differentially expressed miRNAs in the development of left ventricular remodeling.
Signal transduction pathways associated with target genes of the differentially expressed miRNAs were investigated. IPA analysis revealed that the 56 target genes participated in pathways linked to cardiac hypertrophy (Fig. 4) . Certain target genes, including TGFβ, p38MAPK and c-Jun, were involved in the cardiac hypertrophy signaling pathway. We also examined the roles of the target genes as mediators of renin-angiotensin signaling. We discovered that p38MAPK, c-Jun and JAK2 were involved in renin-angiotensin signaling in response to left ventricular remodeling (Fig. 5) .
Discussion
The 2K1C rat model is useful for studying the molecular mechanisms involved in hypertension-related cardiac remodeling. In an attempt to identify the expression profiles of the miRNAs in this experimental model, we undertook systematic profiling using a commercially available microarray platform. We discovered that 48 miRNAs were differentially expressed between the 2K1C and sham surgery groups. Notably, cardiac remodeling represents collective changes in the biology of the cardiac myocyte, the volume of myocyte and non-myocyte components of the myocardium, in addition to the geometry of the left ventricular chamber. Therefore, the altered miRNA levels should be attributed to cardiomyocytes in addition to other myocardial cell types, such as fibroblasts and endothelial cells.
To understand the involvement of miRNAs in left ventricular remodeling, we selected differentially expressed miRNAs and performed target gene analysis. Due to the complex nature of cardiac remodeling and since existing computational algorithms remain challenging, the target prediction analysis was unable to reveal specific sets of genes involved in defined biological aspects. Thus, only 56 target genes that had been validated by biological experiments were selected for further analysis in the current study. Moreover, IPA analysis revealed 'cardiovascular disease, cardiovascular system development and function, organ morphology' to be the most favored associated network function in 2K1C rats. The two most significant pathways 'cardiac hypertrophy' and 'cardiac necrosis/cell death' were observed. These results suggested that alterations to the expression of miRNAs observed in this study represented the physiological responses to an altered cardiac workload.
To gain an understanding of the molecular mechanisms of left ventricular remodeling, signal transduction pathways associated with the differentially expressed miRNAs and their target genes were investigated. This study revealed that the target genes participated in pathways linked to cardiac hypertrophy. Signaling molecules, such as TGFβ and p38MAPK, were validated target genes. Our results suggested that differentially expressed miRNAs were mediators of the TGFβ-TAK1-p38MAPK signaling pathway, which is crucial for myocyte hypertrophy, as described previously (16) . Renovascular hypertensive rats were used in this experiment. The renin-angiotensin system contributes to left ventricular hypertrophy and fibrosis (17) . Therefore, the correlations between the renin-angiotensin signaling pathway and the target genes of differentially expressed miRNAs were evaluated. In addition to a p38MAPK-dependent pathway contributing to left ventricular hypertrophy, we observed that the target gene JAK2 is a signaling molecule, suggesting that the differentially expressed miRNAs were also sensitive to the JAK2-STAT signaling pathway, which is crucial for cardiac fibrosis (18) .
In conclusion, the miRNA expression profiles in the left ventricular myocardium of 2K1C hypertensive rats were identified. Further analysis of the roles of the differentially expressed miRNAs, their target genes and signaling pathways would provide greater insight into the molecular mechanisms of left ventricular remodeling.
